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Abstract 
Annually thousands of people die or suffer from organophosphate (pesticide) poisoning. In 
order to remove these toxic compounds from the environment, the use of enzymes as 
bioremediators has been proposed. We report here a Ser127Ala mutant based on the 
enzyme glycerophosphodiesterase (GpdQ) from Enterobacter aerogenes.  The mutant, 
with improved metal binding abilities, has been immobilized using glutaraldehyde on 
PAMAM dendrimer-modified magnetite nanoparticles. The immobilized system was 
characterized using elemental analysis as well as infrared, transmission electron and X-ray 
photoelectron spectroscopies. The amount of GpdQ that was immobilized with the 
optimized procedure was 1.488 nmol per g MNP. A kinetic assay has been designed to 
evaluate the activity of the system towards organophosphoester substrates. The specific 
activity towards BPNPP directly after immobilization was 3.55 μmol mg-1 min-1, after one 
week 3.39 μmol mg-1min-1 and after 120 days 3.36 μmol mg-1 min-1, demonstrating that the 
immobilized enzyme was active for multiple cycles and could be stored on the 
nanoparticles for a prolonged period.   
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1. Introduction 
It is estimated that thousands of people die or suffer from severe organophosphate (OP) 
pesticide poisoning per annum [1]. The use of pesticides has distinct benefits but there are 
risks to people and the environment, especially in developing countries. How to eliminate 
these compounds from the environment to avoid contamination of waterways and 
deleterious effects on human health has been raised [1-4]. As well as pesticides, OPs have 
also been used as nerve agents, for example sarin and VX (Chart 1) [3]. The hydrolysis of 
OPs, whether as agricultural agents or as weapons, to less harmful compounds is thus an 
important aspect for environmental decontamination. The phosphate ester bond is prone to 
cleavage, mostly by hydrolysis, but photolytic degradation by sunlight is also possible [5]. 
Biological pathways such as bioremediation have also attracted recent attention [6].  
The glycerophosphodieserase GpdQ from Enterobacter aerogenes was first 
purified by Gerlt and co-workers and is believed to be the first known phosphoesterase 
capable of hydrolysing stable alkyl diesters like dimethyl phosphate and diethyl phosphate 
[7, 8].  GpdQ is a dinuclear metallohydrolase (Chart 1) with a highly stable hexameric 
structure, able to degrade di- and monoester substrates, making it a versatile and thus ideal 
candidate for applications in bioremediation [7-10]. It has also attracted attention for its 
ability to degrade an analogue of EA 2192, a highly toxic degradation product from the VX 
nerve gas [7].  Although the catalytic rates of wild-type GpdQ for OP triesters are 
significantly lower than these of triesterases such as the OP-degrading enzyme A (OpdA) 
from Agrobacterium radiobacter or OP-hydrolase (OPH) from Pseudomonas diminuta, 
GpdQ functions over a large pH range (between pH 3 to pH 11) [11, 12].  Furthermore, 
recent directed evolution experiments have indicated that the catalytic activity of GpdQ 
can be significantly enhanced by the introduction of a small number of mutations [13]. 
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The most recent crystal structure of GpdQ at high resolution (1.9 Å) illustrates an 
extensive hydrogen bonding network in the active site, the latter composed of two distinct 
metal binding sites (labelled as the α and β-sites, Chart 1) [14]. The α-site features four 
amino acid side chains, two aspartates (Asp50, Asp8) and two histidines (His10, His197), 
whereas the metal in the β-site is coordinated by two histidines (His156, His195), one 
aspartate (Asp50) and one asparagine (Asn80). The crystal structure also suggests the 
presence of a terminal H2O bound to the α-metal and a bridging water/hydroxide molecule. 
The active site is surrounded by an extensive hydrogen bond network connecting it with 
the second coordination sphere [14]. Although the metal ion content of GpdQ in vivo is 
currently unknown, it was initially proposed, on the basis of spectroscopic and 
crystallographic results, that the native metal ion composition was Fe(II)Zn(II). The 
reactivity of apo-GpdQ can, however, be readily reconstituted with Co(II), Mn(II), Fe(II), 
Zn(II) and even Cd(II) [15, 16]. As Co(II) serves as an excellent spectroscopic probe, the 
Co(II)Co(II) derivative is the best studied metal derivative. From magnetic circular 
dichroism (MCD) spectroscopy studies of Co(II)-substituted GpdQ it is known that GpdQ 
exists as a mononuclear resting state enzyme with only the α-site being occupied by a 
metal ion [9]. It could also be shown that the catalytically relevant dinuclear Co(II)Co(II) 
metal centre in GpdQ is only formed in the presence of a substrate analogue [12]. The 
metal ion affinity of the β-site can be increased by changing the Asn80 residue (Chart 1; 
Note: the term ligand is not used since not all residues are ligands) to an aspartate, 
resulting in a fully occupied dinuclear centre after the addition of two equivalents of Co(II) 
to the apo-enzyme, even in the absence of substrate [9]. Thus the combined directed 
evolution and site directed mutagenesis studies have demonstrated that GpdQ is amenable 
to modifications to increase both its catalytic efficiency and stability [13]. The challenge 
now is to deliver an active and stable enzyme in a manner suitable for use in aquatic media 
and to make the system robust and recyclable. 
5 
 
GpdQ has been subjected previously to mutagenesis studies in an attempt to enhance both 
catalytic properties and metal ion binding [13]. In order to evolve GpdQ activity towards 
the non-physiological substrate bis(4-nitrophenyl)phosphate (BPNPP) a range of mutants 
were obtained by directed evolution [13]. Some mutants exhibited increased activity 
towards BPNPP and, in some, the hexameric structure of the wild-type enzyme was 
disrupted [13]. Mutants contained, on average, three amino acid substitutions; one 
mutation that was often present was a Ser127Ala, a residue located in the second 
coordination sphere directly next to Asn80. Previous studies have shown that the structural 
flexibility of the Asn80 residue plays a crucial role in regulating Co(II) binding to the β-
site [11]. In terms of designing a potential bioremediator it is important to note that Asn80 
facilitates coordination flexibility, a property that enables wild-type GpdQ to optimize its 
catalytic efficiency [14]. However, this flexibility also reduces the affinity of the β-site for 
a metal ion, leading to an inactive enzyme in the resting state. The substitution of the 
asparagine ligand by an aspartate increased the affinity of the β-site for metal ions, but also 
reduced catalytic efficiency greatly. In order to utilize GpdQ effectively a mutant is 
required that maintains a high affinity for both metal ions in the resting state without 
compromising catalytic efficiency. Since Ser127 forms a hydrogen bonding interaction 
with Asn80, and since this residue also lines the substrate binding pocket, it was speculated 
that its replacement by an alanine may disrupt this H-bond and thus increase the metal ion 
affinity of the β-site without greatly affecting catalysis.   
In an approach to utilise enzymes to degrade pesticides, recombinant OPH on the 
surface of E.coli cells was packed in a bioreactor on glass beads [17]. A similar approach 
used E.coli cells with OPH on the surface, immobilized on silica beads [18] or nylon [19]. 
In 2005 a group reported the immobilization of OPH on a cellulose matrix via an attached 
cellulose binding domain for the degradation of coumaphos [20]. Ginet et al. 
functionalized lipid-coated magnetic nanoparticles with a phosphohydrolase for the 
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degradation of the pesticide ethyl-paraoxon; the kinetic properties were comparable to the 
free enzyme [21]. Dendrimer-modified and plain magnetite nanoparticles (MNPs) have 
been extensively studied for their potential application in environmental decontamination, 
medicine and biology [22-25]. For example, MNP coated with receptor proteins or other 
functional molecules have found application in imaging and therapy [26-28]. Grüttner et 
al. reported MNPs functionalized with chelating groups on the surface to bind lanthanides 
and actinides in order to remove radionuclides from nuclear wastes [24]. Magnetically 
assisted processes have been reported to purify water[25] and MNPs have been proven 
useful in protein immobilization and purification and DNA extraction [23, 29]. The main 
advantage of magnetite nanoparticles is that they can be easily recovered from the reaction 
media by magnetic separation.  
In this study we present the synthesis of a GpdQ system (Scheme 1) immobilized 
on magnetite nanoparticles that have been functionalized with a G3-PAMAM dendrimer. 
The potential use of these systems for water treatment purposes is discussed.  
2. Experimental 
2.1 General Methods and Materials 
Elemental Microanalyses (C, H, N, S) were performed with a Carlo Erba Elemental 
Analyser model NA1500 by Mr. George Blazak at the University of Queensland. FT-
Infrared Spectroscopy was carried out with a Perkin Elmer FT-IR Spectrometer 
SPECTRUM 2000 with a Smiths DuraSamplIR II ATR diamond window. Transmission 
electron microscopy (TEM) was conducted at the Centre of Microscopy and 
Microanalysis, The University of Queensland, together with Dr. Graeme Auchterlonie. 
Nanoparticles were taken up in water and sonicated for 10 minutes after which time the 
suspension was transferred onto a carbon grid. A JEOL JEM2100 LaB6 STEM analytical 
transmission electron microscope with an EM-21010/21020 single tilt holder was used to 
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analyse the samples after the water had evaporated. X-ray Photoelectron spectroscopy 
(XPS) was conducted with Dr. Barry Wood at the Centre for Microscopy and 
Microanalysis, The University of Queensland, with a Kratos Axis Ultra photoelectron 
spectrometer which uses Al Kα (1253.6eV) X-rays. The software Casa XPS was used for 
data processing [30]. Chemical reagents were obtained from Aldrich Chemical Company 
and were used without further purification. Expression and purification of Ser127Ala 
GpdQ was conducted following previously published methods [15, 16]. Preparation of the 
apo-enzyme for the MCD measurements was undertaken using a known protocol [15].    
Samples of the Ser127Ala mutant of GpdQ (0.71 mM) were generated for the  MCD 
studies by adding two equivalents of Co(II) to the apo-protein (CoCl2.6H2O, 14 mM in 50 
mM HEPES pH 7.0). The mixture was dissolved in a 60 %/40 % (v/v) mixture of 
glycerol/buffer (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 
7.0) and loaded in a 0.62 cm path length nickel-plated copper sample cell with quartz 
windows. K2HPO4 was added (140 mM, in 50 mM HEPES pH 7). The MCD system used 
has a JASCO J815 spectropolarimeter and an Oxford Instruments SM4000 
cryostat/magnet. Data were collected at 7.0 T and 1.4 K. Each spectrum was corrected for 
any natural CD by subtracting the zero-field spectrum of the sample. The resultant spectra 
were fitted to the minimum number of Gaussian peaks to achieve a satisfactory composite 
spectrum using the GRAMS AI software [31].  Phosphatase activity measurements were 
conducted using a Varian Cary50 Bio UV/vis spectrophotometer with a Peltier temperature 
controller and 10-mm quartz cuvettes. 
2.2  Synthesis of Nanoparticles and Enzyme Immobilization 
2.2.1  Synthesis of G3-PAMAM Dendrimer Functionalized Magnetite Nanoparticles 
(G3-MNPs)  
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The magnetite nanoparticles were synthesized after modification of a previously published 
procedure [23, 32]. Solutions of ferric chloride (1.15 g in 50 mL degassed water) and 
ferrous sulphate (0.69 g, in 50 mL degassed water) were combined under nitrogen and 
1.5 M ammonia solution was added drop wise with vigorous stirring. As the pH reached 9, 
the black precipitated magnetite was collected with a magnet and washed with water (5 x 
50 mL) and ethanol (2 x 50 mL). The MNPs were dispersed in ethanol to give a 5 wt % 
suspension. The G3-PAMAM modified MNPs (G3-MNPs) were synthesized as follows: 
Magnetite stock solution (100 mL) was sonicated for 30 min and diluted with ethanol 
(300 mL) in a two-necked flask equipped with a reflux condenser and a pressure equalised 
dropping funnel. 3-aminopropyltrimethoxysilane (APTS, 20 mL) was added over 7 hours 
at 60 °C and the nanoparticles were subsequently washed with methanol (3 x 50 mL) by 
magnetic separation and dried in vacuo. 1.16 g of APTS modified magnetite nanoparticles 
(APTS-MNPs) were dispersed in methanol (100 mL) and methylacrylate (40 mL) was 
added. After sonication for 5 min the mixture was stirred overnight at room temperature 
and washed with methanol (5 x 20 mL). Ethylenediamine (8 mL) and methanol (10 mL) 
were added and stirred at 50 °C for 5 hours. This step was repeated twice with increased 
amounts of methylacrylate (60 and 80 mL) and ethylenediamine (12 and 20 mL) and the 
final product was washed with methanol (3 x 50  mL) and water (3 x 50 mL). 
MNPs: FT-IR spectroscopy (ν, cm−1) 560 (m, Fe-O str). Microanalysis Fe3O4: found C 
0.24, H 0.35, N 0.05, S 0.75 % (slight sulphur contamination due to sulphate residues) 
APTS-MNPs: FT-IR spectroscopy (ν, cm−1) 2949.1, 2866 (w, C-H str); 1014.7 (m, Si-O 
str); 569 (m, Fe-O str). Microanalysis found C 1.69, H 0.64, N 0.47, S 0.69 % (sulphur 
contamination due to sulphate residues). 
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G3-MNPs: FT-IR spectroscopy (ν, cm−1) 3314.2 (b, N-H); 2668.4 (w, C-H str); 1624.6, 
1551.4 (m, C=OAmide); 1017.2 (m, Si-O str); 714.5 (w, CH2); 560 (m, Fe-O str). 
Microanalysis found C 3.53, H 0.75, N 1.44, S 0.00 %. 
2.2.2 Functionalizing G3-MNPs with Glutaraldehyde and Immobilization of 
Ser127Ala Mutant 
G3-MNPs (150 mg) were suspended in glutaraldehyde (25 %, 20 mL) and the mixture 
sonicated for one hour. After 12 hours standing, the nanoparticles were separated from 
glutaraldehyde and washed with TRIS buffer pH 8 (5 x 15 mL). G3-MNP-glutaraldehyde 
was used in the next step without further purification for the GpdQ immobilization. The 
G3-MNP (50 mg) functionalized with glutaraldehyde was added to a GpdQ stock solution 
(0.17 mM, 2 mL, 50mM HEPES, pH 8) and the mixture was incubated over 24 hours at 
4 °C. After this time a significant amount of enzyme was bound to the nanoparticles via 
amide formation between the lysine residues of the enzyme and the pendant aldehydes on 
the particles. The amount of enzyme immobilized was determined by the decrease in 
absorbance at 280 nm of the supernatant solution; A280, T= 0 = 0.0772, A280, T= 24h = 0.0589. 
After a thorough washing process (5 x 1.5 mL 50 mM TRIS, pH 8) the GpdQ-
nanoparticles were suspended in 0.5 mL buffer (50 mM TRIS pH 8) and stored at 4 °C 
until further use. The degree of immobilization was calculated to be 1.48 nmol/g based on 
the decrease in absorbance of the supernatant enzyme solution at 280 nm. 
2.3 Activity Measurements of Immobilized Enzyme 
To test whether the immobilized enzyme was active towards organophosphates an 
experimental setup was designed, mimicking water filtration conditions. The nanoparticles 
were embedded between two layers of sand in a Pasteur pipette and were held in place with 
a conventional magnet. The bottom of the column was connected with a small tube to a 
flow through UV/vis cuvette. A buffered solution (50 mM TRIS, pH 8) of the 
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organophosphate substrate BPNPP (5.63 mM) was circled through the column and UV-vis 
cell with a peristaltic pump at a flow rate of 1.40 mL/min for 3 hours. The hydrolysis of the 
substrate was monitored by the formation of the nitrophenolate ion at 405 nm. After 
cycling the BPNPP solution through the column for 3 hours, the column was detached 
from the system and washed (3 x 2 mL) with buffer solution and stored at 4 °C under the 
same buffer as used for the kinetic experiments.  The amount of GpdQ that was 
immobilized with the optimized procedure was 1.488 nmol per g MNP. The specific 
activity directly after immobilization was 3.55 µmol mg-1 min-1, after one week 3.39 µmol 
mg-1min-1 and after 120 days 3.36 µmol mg-1 min-1 (when using a 5.63 mM solution of 
BPNPP). 
3. Results and Discussion 
MCD was employed to visualize the effects of the Ser127Ala mutation on Co(II) binding 
in the presence and absence of a substrate mimic (phosphate). Two equivalents of Co(II) 
were added to the apo-enzyme solution (50 mM HEPES, pH 7.0) to which glycerol had 
been added as glassing agent. The resulting MCD spectrum is shown in Figure 1. In 
addition to the expected transition from Co(II) bound to the 6-coordinate α-site (~500 nm), 
a band of 5-coordinate Co(II) was also observed around 580 nm [14]. A noticeable 
increase in the population of the β-site in the absence of phosphate in the Ser127Ala 
mutant was observed; this is more obvious when comparing it to the spectrum of wt-GpdQ 
where two equivalents of added Co(II) only resulted in one spectral feature at 500 nm [14]. 
In the presence of phosphate both mutant and wild type GpdQ have similar Co(II) 
populations of α- and β-site, respectively. Integration of the spectrum indicates that in 
Ser127Ala mutant GpdQ 40 % of the enzyme sample already has a catalytically active 
dinuclear Co(II)Co(II) site. Importantly, the catalytic parameters are slightly improved by 
this mutation [15]. On this basis the Ser127Ala mutant was chosen for the immobilization 
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studies since it is expected to maintain considerable catalytic activity even in a metal ion 
deprived environment. In addition, activity measurements for the freshly purified enzyme 
mutant, and after it has been stored for one year at 4 ºC, showed that the activity remained 
the same. 
3.2 Immobilization of the Ser127Ala Mutant of GpdQ 
Generation 3 (G3) PAMAM dendrimer modified magnetite nanoparticles were synthesized 
after a modification of previously published methods [22, 23]. The G3-MNP, after 
functionalization with glutaraldehyde, was added to a Ser127Ala GpdQ mutant stock 
solution and after 5 days at 4 °C the nanoparticles were washed thoroughly with buffer to 
remove any unbound enzyme [33]. After this time a sufficient amount of enzyme was 
bound to the nanoparticles via amide formation between the lysine residues of the enzyme 
and the pendant aldehydes on the particles. This was confirmed by the decrease of 
absorbance at 280 nm of the supernatant. The degree of immobilization fluctuated 
depending on how long the nanoparticles had been stirred with glutaraldehyde previously 
and also the ratio of nanoparticles to enzyme. G3-MNP-GpdQ was stored suspended in a 
small amount of buffer and at 4 oC at all times, The kinetic experiments were conducted 
with nanoparticles where a total of 1.48 nmol GpdQ per g MNP had been immobilized. 
3.3 Characterization of the Nanoparticles 
The nanoparticles were characterized employing a number of techniques. Infrared analysis 
of unsubstituted magnetite nanoparticles showed a band from Fe-O at 560 cm-1. Once 
APTS was attached to the surface, additional C-H stretches at 2949 cm-1 and 2866 cm-1 and 
Si-O a stretch at 1015 cm-1 were found. In the G3-MNP, N-H and C=OAmide stretches were 
apparent (3314 and 1625, 1551 cm-1). Elemental analyses were conducted to confirm the 
successful synthesis of the G3- MNP and to monitor the increasing nitrogen content during 
dendrimer immobilization. An overview is shown in Table S1. Some sulphur 
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contamination is apparent (presumably from the ferrous sulphate used in the MNP 
synthesis); this contamination is washed out during the repeated sonication/washing 
processes during subsequent PAMAM dendrimer modification. A small amount of sulphur 
is found after GpdQ had been immobilized, which may be due to cysteine residues and 
traces of sulphate bound to the enzyme.  
At different stages of functionalization the nanoparticles were analysed with X-ray 
photoelectron spectroscopy. Figures 2a and S2 shows the survey spectrum of the magnetite 
nanoparticles reflecting the degree of functionalization with the PAMAM dendrimer. In 
general, the survey spectrum of G3-MNP-GpdQ displays more noise (Figure 2a), attributed 
to the multitude of trace elements bound to the enzyme and thus appear in the XPS 
spectrum. Figures 2a and S2 show that after the immobilization of the G3-PAMAM 
dendrimer, the surface analysis shows nitrogen and small amount of silicon present [34]. 
The silicon is proposed to be present from silicon oils used in the vacuum system of the 
XPS instrument [35]. A closer examination of the G3-MNP spectrum reveals that the core 
material is indeed Fe3O4 [36, 37]. Two types of iron are found in this sample 
corresponding to the two environments of Fe(II)/(III) in Fe3O4 (Figure 2b) [36, 38]. The 
binding energies of the Fe 2p peak (~ 710.0 eV) and also the O1s peak ~529.5 eV strongly 
point to Fe3O4 [36, 38]. Moreover, oxygen peaks in two different environments could be 
assigned to species containing C=O and C-O [34, 39]. Similar to the oxygen 1s peak in the 
spectrum of G3-MNP (Figure S3a), the O1s peak in G3-MNP-GpdQ can be Gaussian 
deconvoluted into four separate peaks (Figure 2c). The peak at highest energy (~533.3 eV) 
may be attributed to C=O, following C-O (~532.2 eV), an unidentified O1s (~531.1 eV) 
and oxygen in the form of (Fe) oxide (~529.8 eV) [34, 39]. The survey spectrum 
demonstrates that the elements present on the surface are mainly iron, oxygen, nitrogen 
and carbon (Figure 2a) [34]. While the O1s and C1s peaks could be resolved into multiple 
species the assignment for nitrogen is less clear (Figure 2c, d and e).  
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Transmission electron microscopy was conducted with the nanoparticles to 
investigate the size, shape and clustering behaviour. Prior to the measurements ca ~20 mg 
of the nanoparticles were diluted with 1 mL of water and sonicated for 30 minutes. The 
suspension was then applied onto 600 mesh carbon grids and dried in air for several 
minutes. Particle sizes from 5-20 nm are observed (Figure 3a) confirming the ‘nanoparticle 
nature’ of the magnetite. Figures 3a and 3b suggest that the MNP  are spherical . Moiré 
fringes are also observed from an interference pattern by the atomic layers of the iron 
oxide (Figure 3c) [40]. Moreover, the magnetic behaviour is demonstrated by the 
clustering of the nanoparticles as demonstrated in Figure 3b. The TEM sample preparation 
of the immobilized enzyme was difficult since only water could be used to suspend the 
nanoparticles (usually a more volatile solvent is favoured) and prolonged sonication times 
were avoided since this could cause the enzyme to detach from the nanoparticles. Resulting 
TEM images (Figure 4) demonstrate that the nanoparticles are surrounded by organic 
matter (the enzyme). Analysis of the diffraction patterns of the darker spots inside the 
organic matter confirmed them to be Fe3O4. 
3.4 Use of Immobilized GpdQ in Filter Systems 
To test whether the immobilized enzyme was active towards OPs (i.e. BPNPP in this 
study) an experimental setup that mimics water filtration conditions was designed. The 
nanoparticles were embedded between two layers of sand in a Pasteur pipette (Figures S3 
and S4). A buffered solution of organophosphate substrate (BPNPP, 5.63 mM) was 
circulated through the column  and the hydrolysis of the substrate was monitored by the 
formation of the nitrophenolate ion at 405 nm (the use of the phosphate ester BPNPP and 
its resulting highly coloured hydrolysis product permits ready analysis of the progress of 
the reaction) [15].  After periods of 7 and 120 days the experiment was repeated. The 
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activity towards BPNPP was shown to be largely unaffected by the storage (Table 1). After 
120 days an experiment with different concentrations of BPNPP was also conducted.  
4. Conclusion 
The Ser127Ala mutant of GpdQ was attached to G3-PAMAM dendrimer modified 
magnetite nanoparticles using glutaraldehyde. The MNP were characterized with IR, 
microanalysis, XPS and TEM at different stages of functionalization. TEM confirmed the 
nanoparticle character and XPS affirmed that the nanoparticles were made of Fe3O4 and 
also provided insight into the elemental composition of the surface after PAMAM 
generation. Kinetic experiments with the immobilized GpdQ mutant showed that the 
enzyme was active on the nanoparticles and that it could be stored over a prolonged time in 
the immobilized form without loss of activity. This system has the potential, upon further 
development, to be of potential use in the bioremediation of organophosphate 
contaminated waterways.  
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